Marine mammals, as top predators in the marine ecosystem, are affected by persistent organic pollutants. Because the concentration of this group of chemicals is biomagnified in the food web and they are highly lipophilic, recalcitrant compounds ([@b12-ehp0114s1-000060]), they can accumulate at very high levels in the blubber of pinnipeds and cetaceans ([@b5-ehp0114s1-000060]). There is also a growing body of data that relates the exposure and uptake of these compounds \[such as polychlorinated biphenyls (PCBs), dichlorodiphenyltrichloroethanes, and polybrominated diphenyl ethers\] to endocrine-disrupting effects, including effects on reproduction ([@b1-ehp0114s1-000060]; [@b22-ehp0114s1-000060]; [@b37-ehp0114s1-000060]) and immunity ([@b10-ehp0114s1-000060]; [@b18-ehp0114s1-000060]; [@b24-ehp0114s1-000060]). Links with circulating levels of thyroid and reproductive hormones have also been reported ([@b9-ehp0114s1-000060]; [@b29-ehp0114s1-000060]; [@b31-ehp0114s1-000060]). Although many of these studies have been conducted on seals, increasing associative evidence indicates similar effects on cetaceans ([@b4-ehp0114s1-000060]; [@b13-ehp0114s1-000060]; [@b17-ehp0114s1-000060]). In addition, cetacean populations worldwide continue to be exposed to these compounds despite regulatory control on their production and use ([@b2-ehp0114s1-000060]). Blubber concentrations of PCBs in some populations still exceed those estimated to be a threshold level for observed effects on reproduction and immunity (between 17 and 20 mg/kg lipid weight; [@b15-ehp0114s1-000060]; [@b25-ehp0114s1-000060]).

The effects of contaminants on individual marine mammals have received much greater attention than their effects on populations. One of the reasons for this lack of attention to populations is the need for long-term monitoring studies of wild populations, which follow the reproductive success and health of individuals in relation to their contaminant burden. However, the long-term study of bottlenose dolphins (*Tursiops truncatus*) in Sarasota Bay, Florida, has provided an excellent opportunity for investigation of such population responses. Here we use the data collected for this population as an example of how an individual-based model approach can estimate and predict potential effects at the population level. Although this model could be generalized and parameterized with data from many different sources, we have chosen to focus on one population to illustrate the applicability of the approach and to maintain, as far as possible, internal data consistency.

Research on the year-round resident dolphin population in Sarasota Bay has been ongoing since 1970, and about 140 identifiable individual dolphins are currently being studied. Using tagging, tracking, and photographic techniques ([@b28-ehp0114s1-000060]), we have identified individual home ranges, monitored female reproductive histories, determined birth order, and measured reproductive success ([@b34-ehp0114s1-000060]). Photo identification methods have also been used in mark-recapture studies to determine vital population rates such as survival and fecundity ([@b36-ehp0114s1-000060]). Indeed, such methods, now used in many cetacean species worldwide, were pioneered in this population. Since the 1980s, a capture-release program has allowed detailed health assessments and contaminant exposure studies to be conducted ([@b18-ehp0114s1-000060]; [@b33-ehp0114s1-000060]; [@b35-ehp0114s1-000060]).

Previous risk assessment studies that investigated the potential effect of contaminant exposure on bottlenose dolphin populations have used data from laboratory studies in mink that demonstrate likely effects on offspring survival ([@b27-ehp0114s1-000060]). This approach is useful in the absence of data on marine mammals, but it may have drawbacks because responses may differ between species. A recently published study ([@b21-ehp0114s1-000060]) found a similar negative relationship between the concentration of PCBs in the blubber of captive reproductive females and the survival of their calves. They reported PCB levels in the blubber of the females whose calves did not survive 12 days postpartum compared with levels in females whose calves survived beyond 6 months. Although this study was not able to control for the differences in the length of lactation, which will have an effect on maternal blubber concentrations, it is the only data set that indicates potential responses in the species of interest and is therefore used here. Additional observations from the Sarasota population alone ([@b37-ehp0114s1-000060]) and from other studies of bottlenose dolphins ([@b8-ehp0114s1-000060]) suggest a similar response in the wild populations. Previous observational studies have documented disproportionately high first-calf mortality rates ([@b34-ehp0114s1-000060]), which is consistent with the risk assessment model of [@b27-ehp0114s1-000060]. Here we combine an estimated dose--response relationship from the data of [@b21-ehp0114s1-000060] with data on the level of PCBs in the blubber of the Sarasota bottlenose dolphins ([@b37-ehp0114s1-000060]) and the vital rates for this population (age-specific fecundity and survival from mark-recapture studies, [@b36-ehp0114s1-000060]) to develop a predictive model framework.

To quantify the effects of PCBs on potential population growth rate, we have adopted an individual-based model (IB model) approach ([@b7-ehp0114s1-000060]; [@b30-ehp0114s1-000060]). In this preliminary model we use maternal contaminant concentrations to modify calf survival. The remaining population vital parameters are from studies on the Sarasota Bay dolphin population described above. The states (live/dead, age, parturition, and contaminant concentration) of individuals are simulated through time. Because IB models incorporate stochasticity, multiple simulations produce a range of potential growth rates from which confidence intervals may be calculated. We refer to the growth rates as "potential" because there are no available data to incorporate density dependence into the model.

Thus, there are two aims to this study. The first is to develop an IB model framework that may be refined and used to estimate population level effects with associated confidence intervals that reflect uncertainty in the model parameters. The second is to examine the effect of different contaminant accumulation rates on potential population growth rates in the example Sarasota Bay bottlenose dolphin population. This process will allow us to determine where future data collection should be prioritized to reduce prediction error.

Methods
=======

A model was constructed using R (R [@b20-ehp0114s1-000060]) to simulate the fate of individual female dolphins, using fecundity and survivorship data derived from [@b36-ehp0114s1-000060]. The model also simulates the accumulation of PCBs through transplacental transfer, suckling, and prey and loss of PCBs through female lactation (depuration). Maternal PCB concentrations then affect first-year calf survival in a dose-dependent manner. Details of blubber biopsy sampling and analysis are given by [@b37-ehp0114s1-000060]. All PCB concentrations are expressed as milligrams per kilogram lipid weight in blubber. First, we describe the model parameters and their values and, second, the model framework and operation.

Fecundity and survivorship
--------------------------

The following fecundity (*f* ) and survival (*s*) probabilities are from [@b36-ehp0114s1-000060]:
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where *f~t~* is the probability that a female gives birth immediately before time *t* + 1, given that it survives to *t* + 1. The fecundity value of 0.177 was modified to exclude the effect of first-year calf mortality (i.e., 0.144/0.811).
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where *s~t~* is the probability that a female survives from time *t* to time *t* + 1. In our model, death of the mother within the lactation period results in the death of the calf. If a female survives its 40th year, it is retained in age class 40. There is no reproductive senescence, and animals in this maximum age class are still able to reproduce. The length of lactation is 2 years. The manner in which *s~1~* is modified is outlined below.

Accumulation
------------

To estimate the annual accumulation of PCBs from prey by the dolphins, we fitted a linear model to the relationship between blubber PCB concentrations and age in male Sarasota Bay dolphins. We restricted this to males because they do not depurate their contaminant load and they continue to accumulate contaminants in the blubber throughout their lifetime. All the data were collected during June 2000 and June 2001, which avoided confounding because of season. These data were collected and analyzed as part of the International Whaling Commission Pollution 2000+ project ([@b23-ehp0114s1-000060]) and the sums of 22 PCB congeners are reported ([@b37-ehp0114s1-000060]). An outlier (a 43-year-old male with a PCB level of 868 mg/kg lipid weight) was excluded.

Depuration
----------

Maternal depuration is the proportion of PCB concentration transferred from a female to the calf via lactation. The value of 0.77 was from [@b8-ehp0114s1-000060]. In the case where the calf (of either sex) dies within its first year, we do not know or predict exactly when this death occurs. Therefore, we assume that when death occurs it is at 6 months into the year, and thus the maternal depuration for that year is halved to 0.38. Otherwise, the birth of male calves is ignored in the model. To estimate the PCB concentration in newborn calves through transplacental transfer, we used a neonate-to-mother transfer ratio of 0.6. This is a mean estimate obtained from three studies ([@b8-ehp0114s1-000060]; [@b26-ehp0114s1-000060]; [@b32-ehp0114s1-000060]) in different odontocete species because only one value for bottlenose dolphins has been reported.

Reduced calf survivorship
-------------------------

In this model we consider only one consequence of maternal PCB exposure---first-year survivorship. Data published by [@b21-ehp0114s1-000060] and by [@b37-ehp0114s1-000060] were pooled and used to estimate a potential dose-response linking maternal PCB blubber concentration to calf survival. The caveats associated with this approach are highlighted in "Discussion." However, before using these data, we investigated the relationship between the number of calves produced by a female and the survival of the offspring because this factor may be just as important as her blubber PCB level. For example, primiparous females may have a lower calf survival because of inexperience. Therefore additional information provided by [@b21-ehp0114s1-000060] on the number of calves produced by each female allowed us to test whether the number of calves was indeed a more important predictor of calf survival than was maternal blubber PCBs. In a generalized linear model (with a binomial family and a logit link function, and using stepwise regression with Akaike's Information Criterion to determine the best-fitting model ([@b6-ehp0114s1-000060]), the model including only maternal blubber PCBs as the independent variable was a better fit to the data than one including the number of calves and an interaction term (to determine whether the relationship between maternal PCBs and survival varied significantly by the number of calves). Therefore we can conclude there is no evidence that the number of calves alone is a better predictor of survival and that experience is not a confounding factor in this data set.

We then fitted a similar generalized linear model with a logit link function to the pooled data sets ([@b21-ehp0114s1-000060]; [@b37-ehp0114s1-000060]) to obtain probability estimates for calf survival in relation to maternal blubber PCBs (*p* = 0.0395, [Figure 1](#f1-ehp0114s1-000060){ref-type="fig"}). Uncertainty in this relationship was then estimated by resampling with replacement from the original data and recalculating the regression equation. This procedure was repeated 500 times, and the resulting regressions are also shown in [Figure 1](#f1-ehp0114s1-000060){ref-type="fig"}. We then used this relationship, and its uncertainty, to estimate first-year survival in the individual-based model, with the assumption that the risk of mortality during the first year is primarily within the first 6 months of life.

Model structure
---------------

Each individual female in the model had a state variable of alive (1) or dead (0), age (1 to ≥ 40 years) and blubber PCB concentration (milligrams per kilogram). All blubber concentrations were assumed to be lipid normalized. Survival and birth outcomes were determined by whether a random number (drawn from a uniform distribution between zero and one) was less than or equal to the probability associated with that event. The random number generator was continuously reseeded. The model assumed that population breeding dates are synchronized to a single day in the year and population predictions were made for the following day (postbreeding census). Thus, age class 1 refers to newborn calves. We also assume that the sex ratio at birth is 1:1. Forty age classes were considered, the last contained all females ≥ 40 years of age.

Each model simulation covered a period of 100 years. An arbitrary starting abundance of 300 dolphins was chosen to ensure that sufficient dolphins were still alive in the population after 100 years, when the population growth rate was less than unity. For any given set of fecundity and survivorship values, we calculated the stable age structure (SAS) by multiplying an arbitrary seed age structure by the appropriate Leslie matrix 100 times. The SAS was used to apply age structure to the initial population of 300 animals. Twenty-five simulations were performed for each parameter set combination, initially only using the best-fit regression of calf survivorship on maternal PCBs. At first, each dolphin was assigned an arbitrary zero PCB level. After the first year, animals were then allocated an appropriate level of PCBs, depending on their age class and reproductive status. After approximately the 40th simulation year, the relationship between PCB levels and age stabilized. From the population trajectories after the first 40 years, we calculated the mean potential annual growth rates. The 2.5 and 97.5 percentile growth rates were then estimated from the ranked individual growth rates. The sensitivity of annual growth rates to variability in the annual PCB accumulation was assessed with multiple runs of the model, with different accumulation rates. The entire process was then repeated, but this time incorporating the uncertainty in the dose--response relationship. For each 100-year simulation the model chose at random a regression from the set of 500 regressions calculated by data resampling.

Results
=======

Accumulation
------------

The relationship between male blubber PCB concentrations and age is shown in [Figure 2](#f2-ehp0114s1-000060){ref-type="fig"}. The least-squares linear regression equation was as follows:
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where *PCB conc.* is in units of milligrams per kilogram and *age* is in years. The SE of the slope was 0.6.

Reduced calf survivorship
-------------------------

The result of the logistic regression of probability of first-year survivorship on maternal contaminant burden is shown in [Figure 1](#f1-ehp0114s1-000060){ref-type="fig"}. The best fit regression equation was as follows:
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[Figure 1](#f1-ehp0114s1-000060){ref-type="fig"} also shows the 500 alternative regressions obtained by resampling the data.

Model output
------------

[Figure 3A](#f3-ehp0114s1-000060){ref-type="fig"} shows the estimated effect of PCBs on the individual potential annual growth rate when the annual rate of PCB accumulation was set at 2.96 mg/kg (i.e., the coefficient from Equation 1). The mean potential population growth was 0.977 \[95% confidence interval (CI), 0.967--0.984\]. The blue lines connect the 95% CI range of population size for each year. The initial positive growth rate in [Figure 3A](#f3-ehp0114s1-000060){ref-type="fig"} was caused by the time lag required for a stable PCB level for each age class to form. [Figure 3B](#f3-ehp0114s1-000060){ref-type="fig"} shows the effect of PCBs on potential population growth rate, but this time uncertainty in the relationship between calf survival and maternal PCBs is incorporated. The mean potential population growth rate (0.980) was similar to the mean without this uncertainty but the 95% CI values (95% CI, 0.966 -- 0.990) were 41% greater.

The effect of changing the rate of PCB accumulation on potential annual growth rate is shown in [Figure 4](#f4-ehp0114s1-000060){ref-type="fig"}. The potential annual growth rate for a clean population is 1.014. At the estimated annual PCB accumulation rate for the Sarasota Bay dolphins (2.96 mg/kg), the potential annual growth rate is decreased by 3.6% to 0.977. At the higher accumulation rates (\> \~ 6 mg/kg/year), the growth rate decrease stabilizes at about 5%. In addition, [Figure 4](#f4-ehp0114s1-000060){ref-type="fig"} shows the effect of incorporating the extra uncertainty into the relationship between calf survival and maternal PCBs. The additional variability had a greater impact at low accumulation rates (e.g., 54% greater at 1 mg/kg compared with 15% greater at 9 mg/kg). This effect was probably caused by a greater range of calf survival probabilities at lower maternal blubber PCB concentrations, as illustrated in [Figure 1](#f1-ehp0114s1-000060){ref-type="fig"}.

[Figure 5](#f5-ehp0114s1-000060){ref-type="fig"} shows the PCB concentrations in individual females in the final 20 years of a model run where PCB accumulation was set at 2.96 mg/kg/year. The PCB concentrations are plotted against age. There is an initial decrease where neonates with high PCB concentrations have a higher probability of first-year mortality. Thereafter, young continue to increase PCB concentrations until at 8 years of age they may recruit into the breeding population. The consequent depuration is evident from 9 years of age onward. Because the model is stochastic, not all females give birth in year 8. In fact, in this model run, one female reached 20 years of age and accumulated PCBs at a concentration of 78 mg/kg before first giving birth. The average PCB concentration of all females ≥ 9 years of age was 23.8 mg/kg.

Discussion
==========

We describe an individual-based model framework to predict potential population-level effects of PCB exposure on cetaceans. We illustrate this approach using, as much as possible, data from a single population---the bottlenose dolphins in Sarasota Bay. However, where necessary we used data from other sources. We suggest that the current estimated annual PCB accumulation rate for this population is depressing the potential annual growth rate by 3.6% compared with a zero accumulation rate. We also suggest that higher accumulation rates would produce a maximum depression of about 5% in potential growth rate. This latter depression represents a calf survivorship of zero. We do, however, wish to emphasize uncertainty in the model parameters and also in the biological assumptions implicit in this model.

Vital population parameters used in the model were derived from previous studies of the Sarasota Bay bottlenose dolphins \[annual survival age 1 year = 0.811, SD 0.0644; ≥ age 2 years = 0.962, SD 0.0076; fecundity = 0.177, SD 0.035 ([@b36-ehp0114s1-000060])\]. However, we have not incorporated the uncertainty surrounding these parameters into the potential annual growth predictions. Also, these published data were limited to those compiled during the 1980s; subsequent research is leading to a multidecade data set based on more complete knowledge of the population, which allows for more refined population parameters and matched contaminant load and vital rate analyses. In addition we have not incorporated density dependence into our model because no appropriate data are available. Therefore, we accept that our growth rate predictions may be an inaccurate reflection of reality. For this reason we refer to growth rates as "potential," and we emphazise their relative rather than their absolute values.

When we ran the model with an annual accumulation rate of 2.96 mg/kg (the estimated rate for the Sarasota Bay population), we predicted that the mean PCB level of females ≥ 9 years of age would be 23.8 mg/kg. However, the mean PCB level measured in blubber biopsies from Sarasota females ≥ 9 years of age was 8 mg/kg, SD 6.8 ([@b37-ehp0114s1-000060]). Furthermore, the model simulations suggested that obtaining the measured mean levels required an annual accumulation rate of 0.9 mg/kg/year rather than the 2.96 estimated from the male data. This reduced rate resulted in an annual population growth rate of 0.998 (95% CI, 0.990--1.005) ([Figure 4](#f4-ehp0114s1-000060){ref-type="fig"}).

Uncertainty in the dose--response relationship had a significant impact on the model predictions ([Figures 3](#f3-ehp0114s1-000060){ref-type="fig"} and [4](#f4-ehp0114s1-000060){ref-type="fig"}). In our data the EC~50~ (median effective concentration) from the best fit regression relationship is approximately 10 mg/kg, which is much lower than the 33 mg/kg estimated from effects on mink used as a surrogate species in the risk assessment study by [@b27-ehp0114s1-000060] on bottlenose dolphins. Mink are particularly susceptible to the effects of PCB exposure, and if we substitute the dose--response relationship used in [@b27-ehp0114s1-000060] in our model (with an annual accumulation of 2.96 mg/kg), the potential population growth rate is 1.005 (95% CI, 1.00--1.01), an increase of 2.8%. However, it should be noted that the mink data refer to the excess offspring mortality risk from maternal PCBs after accounting for mortality from other causes. Although the bottlenose dolphin dose--response data include both natural and contaminant-mediated effects, the mortality is still less than the threshold level for effects in pinnipeds reported by [@b25-ehp0114s1-000060] and [@b15-ehp0114s1-000060] of between 17 and 20 mg/kg. Clearly, more data from cetaceans in general and from bottlenose dolphins in particular would not only reduce the prediction confidence intervals but would also provide greater power in distinguishing the effect of being a "firstborn" calf *per se* on survivorship. We do not know the mechanism for the relationship between calf survival and maternal blubber PCB concentrations. Other studies have shown this group of compounds to be endocrine disruptors and have demonstrated links between perinatal exposure and brain cell development ([@b38-ehp0114s1-000060]), thyroid hormone disruption ([@b3-ehp0114s1-000060]), and immune function effects ([@b11-ehp0114s1-000060]). Some or all of these end points may be the reason for decreased survival in perinatally exposed bottlenose dolphin calves, but further species-specific molecular and endocrine toxicological studies are required. In addition, we have not included multiple system effects (such as on growth and development and immune function) or concomitant effects on other reproductive parameters, such as fecundity.

We have used a depuration estimate of 0.77 from the studies by [@b8-ehp0114s1-000060]. However, we have not incorporated any uncertainty into this parameter. Higher maternal transfer of PCBs will decrease the survival probability of the immediate offspring but will increase the survival probability of subsequent offspring. Seasonal variation also was not included at this stage. Seasonal variations in blubber thickness will have an impact on PCB levels because concentrations increase as the total amount of body fat decreases ([@b16-ehp0114s1-000060]). This factor would be an additional aspect to incorporate into the model in future.

Many of the persistent ocean contaminants co-occur, and highly significant positive correlations have been reported among concentrations of different classes of organic compounds measured in the blubber of marine mammals ([@b14-ehp0114s1-000060]; [@b19-ehp0114s1-000060]; [@b37-ehp0114s1-000060]). Although we have focused on one class of compounds, it must be remembered that some effects may be caused by the mixture of chemicals to which these animals are exposed in the wild.

In this study we have constructed an individual-based model and incorporated into it the best available data on PCB accumulation and life history parameters to assess the consequences of PCB concentrations on potential population growth trajectories in an example population of bottlenose dolphins. Some, but not all, of the uncertainty in these parameters is incorporated in trajectory uncertainty. We emphasize this uncertainty in the current model output and caution against the naïve use of our results. Indeed, the observed population increase for the Sarasota Bay population from the mid-1990s of approximately 40% (Wells RW, unpublished data), which equates to an annual growth rate of approximately 1.03, lies outside the 95% confidence intervals of our best potential growth rate estimate.

Nevertheless, we see our current model as a valid starting point for the development of more biologically appropriate models as more is learned about the ecology and toxicology of bottlenose dolphins. More important, the process of model construction has forced us to highlight both the level of sufficiency of published data and the prioritization of future data collection. For a long-lived species, such as the bottlenose dolphin, which for logistical and ethical reasons cannot be subjected to conventional toxicological studies, such key data require continued efforts into long-term studies of known individuals in wild and semiwild populations.

This article is part of the monograph "The Ecological Relevance of Chemically Induced Endocrine Disruption in Wildlife."
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![Logistic regression model that predicts the probability of 6-month calf survival in relation to the mother's blubber PCB concentration (blue line). Black lines show 500 predictions obtained from resampling the data.](ehp0114s1-000060f1){#f1-ehp0114s1-000060}

![Accumulation of PCBs with age in male dolphins. Fitted regression line and 95% CI values are also shown (data from [@b37-ehp0114s1-000060]).](ehp0114s1-000060f2){#f2-ehp0114s1-000060}

![(*A*) Twenty-five model simulations (red lines) showing the negative potential population growth over 100 years for the Sarasota bottlenose dolphin population using current estimates for vital rates, PCB accumulation rate (2.96 mg/kg/year), and potential effect of maternal PCB levels on calf survival. (*B*) Same as *A* but incorporating uncertainty into the effect of maternal PCB levels on calf survival. Black line connects the mean of the population size for each year, and blue lines connect the 95% CI of the population size for each year.](ehp0114s1-000060f3){#f3-ehp0114s1-000060}

![The effect of changing the rate of PCB accumulation on potential population annual growth rate. Blue lines show the 95% CI intervals without uncertainty in the dose--response relationship. Red lines include this uncertainty.](ehp0114s1-000060f4){#f4-ehp0114s1-000060}

![The PCB concentrations of individual females in the final 20 years of a model run where mean annual PCB accumulation was set at 2.96 mg/kg. The PCB concentrations are plotted against age. The red line shows the mean blubber PCB concentrations in each age class.](ehp0114s1-000060f5){#f5-ehp0114s1-000060}
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